The 3Ј noncoding region (3Ј NCR) of flaviviruses contains cis-acting sequences that are essential for genome replication and translation. Experimental studies indicate that variations in the 3Ј NCR are well tolerated but may sometimes lead to altered growth characteristics in cell culture (3, 6, 19) , changes in virulence and immunogenicity in vertebrate animals (10, 17, 21, 22) , or reduced infectivity in mosquitoes (1, 44) . Molecular epidemiological studies of naturally occurring flaviviruses also suggest that 3Ј NCR structural differences correlate with patterns of virus distribution and transmission (39, 50) . Size heterogeneity has been observed within the 3Ј NCRs of several species of mosquito-borne and tick-borne flaviviruses (12, 32, 39, 48) , as well as viruses of the no-known-vector group (5) . In addition, it has recently been reported that genome fragments representing a major portion of the 3Ј NCR accumulate in Japanese encephalitis virus-infected cell cultures (18) . Together, these studies suggest that the 3Ј NCR may play a regulatory role in RNA synthesis. Evolutionary divergence of the 3Ј NCR is thus of considerable interest, as this region is hypothesized to contain molecular determinants of virulence, cell tropism, and/or host specificity.
Previous studies of the 3Ј NCR of yellow fever virus (YFV) have examined variability within a limited number (using up to 14 isolates) of African and South American wild-type isolates (8, 13, 29, 49) . These studies have shown that YFV 3Ј NCRs vary in length from 444 to 524 nucleotides (nt) and contain a series of repeated hairpin motifs (designated RYFs; ϳ40 nt) that are genotype specific in number. Sequences examined to date reveal three RYFs among West African isolates of YFV, two RYFs among East African isolates of YFV, and only one RYF among South American isolates of YFV (28, 49) . Similar well-conserved and type-specific hairpin repeats are also found among closely related flaviviruses of the YFV genetic group (28) . The function of the RYFs remains obscure; indeed, little is known of the biological importance of individual structural components within the 3Ј NCR.
The flavivirus 3Ј NCR comprises several hairpin-loop structures whose secondary structures are well conserved across virus species, although the primary nucleotide sequences are highly divergent (34) . The 3Ј NCR has been divided into three regions based on differing levels of sequence conservation ( Fig.  1 ): domain I is the region immediately following the stop codon that is hypervariable and contains insertions-deletions (indels) in most flavivirus species; domain II is a region of moderate conservation comprising several hairpin motifs, including a characteristic dumbell structure and CS2 motif (ϳ24 nt) present in all mosquito-borne flaviviruses; and domain III is the highly conserved essential region, containing a cyclization domain (ϳ8 to 14 nt) and the terminal long stable hairpin (ϳ90 nt), which are essential for viral replication (34, 35) . Size heterogeneity among flaviviruses is mostly due to sequence repeats or deletions within domain I. RNA structures within domains I and II are considered dispensable for virus replication (3, 19, 22) . However, because deletion mutants typically exhibit some degree of growth restriction or attenuation (3, 22) , the structures of domains I and II are believed to serve as replication enhancer elements. The evolutionary conservation of RNA secondary structures across numerous species of mosquito-borne flaviviruses also strongly suggests that they play an important role in virus replication. Based on comparative sequence analysis of 14 wild-type YFV isolates and 7 vaccine isolates, Proutski et al. (33, 34) suggested an association between the predicted folding structure of the 3Ј NCR (in par- 28) . RYF, repeated dual F-G hairpins; CS2, ϳ24 nt comprising part of dumbbell B; cyc, conserved cyclization domain; LSH, long stable hairpin. (B) Consensus alignment of YFV 3Ј NCR sequences (domains I and II). The numbers of isolates used to build the consensus sequences are provided in parentheses (details in Table 1 ). Nucleotides identical to the reference Angola71 isolate are indicated by dots. Alignment was optimized by the insertion of gaps (ϳ). Ambiguity codes are as follows: M ϭ A or C; R ϭ A or G; W ϭ A or T; S ϭ C or G; Y ϭ C or T; K ϭ G or T; V ϭ A, C,or G; H ϭ A, C, or T; D ϭ A, G, or T; B ϭ C, G, or T. Regions involved in basepairing are boxed and labeled to correspond with stem structures as indicated in the schematic in panel A. ticular, the long stable hairpin of domain III and the e3 stemloop of domain II) and the virulence of YFV.
In the present study, novel 3Ј NCR sequence data for 112 South American and 8 African YFV isolates were generated. Sixteen previously published YFV 3Ј NCR sequences were incorporated into the data set for a combined total of 136 sequences. The data were interpreted within the context of predicted RNA folding patterns as determined by Proutski et al. (34) and Olsthoorn and Bol (30) . Our examination focused primarily on South American YFV isolates, because preliminary work revealed a novel 3Ј NCR conformation (YF-XL) among a subset of South American genotype I viruses. The YF-XL conformation consisted of an imperfect tandem repeat of RNA structures within domain II of the 3Ј NCR. In addition, the 3Ј NCR of one South American genotype I isolate containing the YF-XL repeat was found to lack all three RYFs (YF-XL-⌬RYF). To investigate the functional significance of the YF-XL 3Ј NCR conformation, the growth characteristics of the variant isolates were evaluated in cell culture, suckling mice, and Aedes aegypti mosquitoes. The natural history of duplications and deletions in the 3Ј NCR of YFV was examined through phylogenetic reconstructions and interpreted within the context of present models for RNA recombination. The results of this study may have important implications for the molecular evolution of YFV, as they underscore the significant genomic plasticity of the 3Ј NCR and suggest a possible role of RNA structural features in promoting template switching during virus replication.
MATERIALS AND METHODS
Virus isolates used in this study. The wild-type isolates of YFV used in this study were made available through the University of Texas Medical Branch World Arbovirus Reference Center. The majority of South American isolates were low-passage sylvan isolates of virus originally isolated at the Instituto Evandro Chagas in Belém, Brazil, and at the Instituto Nacional de Salud in Lima, Peru. The sources, geographic origins, and passage histories of isolates for which 3Ј NCR sequences were obtained, as well as information on isolates with previously published data, are provided in Table 1 . The majority of isolates were made via passage in suckling mouse brain, followed by amplification in C6/36 cell culture, and had minimal passages following primary isolation.
RT-PCR and sequencing. The methods for genomic RNA extraction and amplification of viral sequences by reverse transcriptase (RT) PCR were as previously described (49) with the following modifications. RNA extraction was achieved using the QIAamp Viral RNA Mini kit (QIAGEN) according to the manufacturer's instructions, and the reverse transcription protocol employed Superscript II RNase H Ϫ RT (Invitrogen). Sequences of the genome terminus were obtained using either the sNS5i-aNS5i or the emf-vd8 primer pairs. The sNS5i primer amplifies from genomic positions 10167 to 10188 (5Ј-CCAAGAG ACAAGACAAGCTGTG-3Ј); aNS5i binds to the genome terminus positions 10838 to 10862 (5Ј-AGTGGTTTTGTGTTTTTCATCCAAAG-3Ј); emf corresponds to positions 10055 to 10075 (5Ј-TGGATGACSACHGARGAYA-3Ј), and vd8 binds to 10709 to 10728 (5Ј-TAGAGGTTAGAGGAGACCC-3Ј). Amplicons were visualized by gel electrophoresis, gel extracted (QIAGEN gel extraction kit), and sequenced by direct sequencing using a Perkin-Elmer 373XL. Sequences were obtained from both strands of each RT-PCR amplicon for sequence confirmation (using the same primers for amplification reactions). Amplicons of isolates that did not produce sufficient quantities for direct sequencing were cloned into the pGEM-EZ cloning vector (Promega); three clones were sequenced in both directions to provide a representative consensus sequence.
Sequence analysis. Initial editing of 3Ј NCR sequence fragments was performed using Vector NTI (Informax). Sequences were aligned and manually edited using the Genomics Computer Group Wisconsin Package version 10.3 (Accelrys, Inc., San Diego, Calif.). The PAUP* program (41) was used to infer maximum-likelihood trees of the multiple sequence alignment.
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Mosquito infectivity trials. The abilities of YF-XL and YF-XL-⌬RYF isolates to replicate and produce disseminated infections in A. aegypti mosquitoes were tested using a white-eyed strain that is known to be highly susceptible to YFV infection (24) . Four groups of 50 female A. aegypti mosquitoes were orally infected with a YF-XL isolate (Brazil92e), YF-XL-⌬RYF (Brazil91c), Asibi (Ghana27), or vaccine isolate 17D. The Asibi and 17D isolates served as positive and negative controls, respectively; the 17D vaccine virus is incapable of disseminating from the midgut to peripheral body tissues (23) . Mosquitoes were exposed to YFV by feeding on infected blood meals consisting of equal volumes of virus and medium containing defibrinated sheep blood and 2 mM ATP as a phagostimulant. Virus inocula were in the form of supernatants from infected Vero cell cultures harvested at 4 (for Asibi, 17D, and Brazil91c) and 9 (for Brazil92e) days postinfection. Ten-day-old female mosquitoes were starved for 24 h prior to the infectious meal and then allowed to feed for 45 min through a chicken skin membane covering a Hemotek feeding apparatus (Discovery Workshops, Accrington, Lancashire, United Kingdom) containing the feeding mixture maintained at 37°C. The fully engorged mosquitoes were sorted and maintained for 14 days at 28°C and 80% humidity. The titer of the infectious meal was determined by direct sampling of the fresh blood meal, as well as by sampling one engorged mosquito (day zero) from each treatment group; titrations were performed by endpoint infectivity assay in Vero cells. All mosquitoes were processed as follows. Heads and bodies were separated and triturated in 140 l and 1 ml of 2% minimal essential medium, respectively. The body and head homogenates were filtered using a 0.22-m-pore-size filter (Millipore, Molsheim, France), and virus infection of mosquitoes was determined by RT-PCR. Midgut infection rates (MIR) and disseminated infection rates (DIR) were calculated as the ratio of percent infected over total mosquitoes tested.
RESULTS
Genetic variability of the YFV 3 NCR. Alignment of all available 3Ј NCR sequences for wild-type YFV isolates included 136 sequences (117 South American and 19 African) ( Table 1 ) and required extensive manual editing for indels ranging from 4 to 216 nt in length. As it was not feasible to show an alignment of all 136 sequences, we have combined groups of related viruses in Fig. 1B for clarity and simplicity. The overall conformation of 3Ј NCR RNA secondary structures as previously defined (30, 33) appeared to be well conserved among both South American and African isolates of YFV (Fig. 1B) . Substitutions that distinguished South American isolates from African isolates are indicated in Fig. 2A . Variable sites were found more frequently in single-stranded regions than in regions with predicted secondary structures (36) (Fig. 2B) . The greatest divergence between South American and African isolates occurred within the 5Ј side loop (e3) of structure E (Fig. 2A) . The e3 region is composed of 22 sites (among African YFVs) and 21 sites (among South American YFVs). Of these sites, 13 were conserved and 9 were variable, making this the region with the highest density of substitutions within the stem-loop structures of the 3Ј NCR.
As predicted, domain I of the 3Ј NCR was hypervariable, with numerous single-nucleotide polymorphisms in the singlestranded region upstream of the F-G dual-hairpin RYF motifs and size variation resulting from deletions of 40 to 80 nt between the different genotypes (49) . The 117 South American isolates contained a single RYF motif, whereas East African isolates contained two RYFs and West African isolates contained three RYFs (28, 49) . However, one South American genotype I isolate (Brazil91c; YF-XL-⌬RYF) had a deletion of 45 nt from positions 61 to 106 of the 3Ј NCR, thus removing the RYF (F-G dual hairpin) plus an additional 10 nt of downstream single-stranded RNA (Fig. 1B) . This isolate was obtained from a fatally infected Alouatta monkey in 1991 in Goias State, Brazil. Another notable polymorphism was a 4-nt deletion (3Ј NCR positions 178 to 181) in the single-stranded region immediately upstream of the RYF dual hairpin, found in each of the 20 isolates of the Brazil clade 1C (represented as a single sequence in Fig. 1B) , as well as in Brazil91C. Two isolates, Trinidad79b and Brazil60, exhibited substitutions in the pk2Ј binding site of the C loop that are potentially disruptive to the formation of this pseudoknot structure (data not shown). In these isolates, the corresponding pk2 that binds to pk2Ј lacked a covariant change. Similarly, 15 South American isolates exhibited a G3U substitution in stem D, but only one isolate (Brazil91b) showed a compensatory change to preserve the D stem without introducing a bulge (data not shown). The cumulative effect of these substitutions on the RNA folding patterns and secondary structure of the 3Ј NCR is unclear.
Structural elements of domain II are duplicated in selected genotype I isolates. Nineteen of the 89 South American genotype I isolates of YFV (21%) were found to contain a duplication of 216 nt from positions 182 to 400 of the 3Ј NCR (designated YF-XL). The presence of the YF-XL conformation was initially detected as a double banding pattern observed upon RT-PCR using the emf-vd8 primer pair (Fig. 3A) . Sequence analysis of subcloned emf-vd8 band size variants revealed the presence of a duplication; subsequently, confirmation of the duplication was achieved by sequencing sNS5i-aNS5i amplicons (Fig. 3B) . The sNS5i forward primer binds to genomic positions in the NS5 coding region, and the aNS5i reverse primer binds to the extreme 3Ј genomic terminus; thus, sNS5i-aNS5i amplicons span the entire 3Ј NCR and allow analysis of the junction sites at either end. The YF-XL duplication comprised an imperfect repeat of the RNA structures within domain II of the 3Ј NCR, including four hairpins (E, D, C, and B) and binding sites for two pseudoknots (pk2 and pk1). The repeat region commenced 3 nt upstream of the E1 stem and ended immediately after the pk2 motif located downstream of dumbbell B. Insertion breakpoints were 100% conserved among the 19 YF-XL isolates at both the 3Ј and 5Ј ends of the duplication. Alignment of the upstream and downstream copies of the duplicated region revealed variation at a total of 63 sites (29%) over the length of the duplicated region (216 nt; genomic positions 10533 to 10749; 3Ј NCR 182 to 400 [Asibi reference numbering]) (Fig. 4) . Thirteen variable sites were due to indels. The duplicates within each YF-XL isolate varied at 8.2 Ϯ 4.7 sites. Notable substitutions included a G3U transversion at 3Ј NCR position 197 in downstream copies of 16 of the YF-XL isolates; for this position, there was no covariant substitution to help preserve the predicted stem of structure D. In addition, pseudoknot binding sites (pk2 and pk2Ј) of the upstream sequence differed from the downstream copy in six YF-XL isolates (Brazil92a, -b, -d, and -e; Brazil93b; and Brazil96a) ( Fig. 4 ; also see Fig. 6 ). The typical pk2-pk2Ј interaction of YF-std isolates involved predicted complementary binding between a UCCC motif in the loop of structure C and GGGA sequence on the 3Ј side of dumbbell B. In these six YF-XL isolates (Brazil92a, -b, -d, and -e; Brazil93b; and Brazil96a), which were closely related variants of the IB clade (see Fig. 6 ), covariant substitutions in the pk2-pk2Ј sites of the duplicated region were evident: C3U at position 226 of the 3Ј NCR in the loop of structure C and a G3A substitution at position 323 in pk2Ј (Fig. 4) . As a result, an altered pseudoknot interaction was possible, involving 5 rather than 4 bp (UUUCC to GGAAA) ( Fig. 2A) . 
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Growth characteristics in cell culture. To determine the growth characteristics for representatives of the different YF 3Ј NCR variants, we infected mosquito C6/36 cells and mammalian Vero cells. The cells were infected at an MOI of 0.03, and infectivity titers in the media were followed for 12 days. Four YF-std and four YF-XL strains were evaluated in duplicate. YF-std isolates grew faster and reached higher peak titers than YF-XL isolates in mosquito cells but not in mammalian cells (Fig. 5) . On 10 of the 12 sampling days, titers for the YF-std isolates grown in the C6/36 cultures exceeded those of YF- XL   FIG. 3 . RT-PCR amplification of YF-XL isolates using the emf-vd8 primer pair results in double bands (A), whereas amplification using the sNS5i-aNS5i primer pair results in a larger fragment size (B).
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isolates by an average of 1.2 Ϯ 0.5 log 10 50% tissue culture infective dose (TCID 50 ) units/ml; however, differences in daily titers were statistically significant only on day 3 (P ϭ 0.04), reflecting an ϳ24-h delay in growth kinetics. There was no evident trend in different growth rates of YF-std and YF-XL in Vero cells (Fig. 5E) . The YF-XL-⌬RYF isolate (Brazil91c) grew better than other YF-XL isolates in C6/36 cells, but not in Vero cells. Average peak titers for YF-XL-⌬RYF (5.6 and 5.2 log 10 TCID 50 units/ml in C6/36 and Vero cells, respectively) were equivalent to those observed for YF-std isolates.
Mouse neuroinvasiveness. The abilities of YFV strains to be neuroinvasive in suckling outbred mice were evaluated following intraperitoneal inoculation of 8-day-old litters, as that is the age previously determined to allow optimal discrimination of neuroinvasiveness among strains (11) . LD 50 values were obtained for a total of 10 YF-XL strains (including YF-XL-⌬RYF), 5 YF-std South American genotype I strains, and 7 YF-std South American genotype II strains. LD 50 values and average survival times for the 22 isolates of South American wild-type YFV revealed significant heterogeneity in the mouse neuroinvasiveness phenotype (Table 2 ). In general, the neuroinvasiveness phenotype did not appear to be correlated with the genotype or 3Ј NCR conformation; there was no significant difference between the lethality of YF-XL (LD 50 ϭ 3.3 Ϯ 1.3 log 10 TCID 50 ) and YF-std (LD 50 ϭ 2.5 Ϯ 1.9 log 10 TCID 50 ) isolates or between South American genotype I (LD 50 ϭ 2.6 Ϯ 2.6 log 10 TCID 50 ) and genotype II (LD 50 ϭ 2.5 Ϯ 1.3 log 10 TCID 50 ). Brazil91c (YF-XL-⌬RYF) yielded an LD 50 inally established using mosquitoes from Rexville, Puerto Rico.) Four treatment groups of mosquitoes were orally infected with a representative YF-XL strain (Brazil92e); YF-XL-⌬RYF (Brazil91c); Asibi (prototype West African strain; positive control); and vaccine strain 17D-204 (negative control). Midgut infection rates for YF-XL-⌬RYF and YF-XL were 81 and 89% (Table 3) , respectively, and were similar to the infection rate observed for the positive control (Asibi; 80% MIR).
There was no evidence of infection in mosquitoes that fed on 17D-204 vaccine (0% MIR; 0% DIR). Dissemination to head tissues was highest in mosquitoes infected with Asibi (61% DIR) and lower in mosquitoes infected with the YF-XL-⌬RYF and YF-XL isolates (35 and 28% DIR, respectively). Evolutionary relationships among YF-XL isolates. Partial 3Ј NCR fragments (ϳ570 nt) were obtained for 73 South American isolates, and complete 3Ј NCR sequences (440 to 660 nt) were obtained for 46 South American isolates. Among those isolates for which complete 3Ј NCR sequences were obtained, 19 viruses (41%) were identified as YF-XL. The YF-XL isolates originated from the eastern and western states of Brazil (Goiás, Pará, Roraima, Mato Grosso do Sul, Maranhao, Minas Gerais, Rondônia, and Bahia), as well as Trinidad, Venezuela, and Panama (Table 1) . YF-XL isolates were found exclusively among the dominant lineage of presently circulating South American genotype I viruses and were not present among the older Brazilian isolates from Pará state dating from 1954 to 1968 (9 isolates) or among South American genotype II isolates (29 isolates) (Fig. 6) . The oldest isolate with the YF-XL conformation dated from 1973. There was no apparent correlation between the presence of the YF-XL repeat and the source of the isolate (i.e., mosquito or primate species) or any correlation with passage history. Four of the seven human isolates identified as YF-XL were obtained from fatal human cases (Table 1) .
Although YF-XL isolates were confined to one subclade of genotype I, they did not appear to be monophyletic (Fig. 6) , and closely related isolates did not appear to share the same 3Ј NCR status. There was one instance in which a pair of isolates (Brazil73a and -b) were 100% identical over the partial NS5-3Ј NCR fragment (576 nt); however, Brazil73a exhibited the YF-XL conformation and Brazil73b was YF-std (Fig. 6) . The prM/E sequences of Brazil73a and Brazil73b were shown to differ by as much as 3.5% (24 nt) (4) . Similarly, a group of mosquito isolates from Mato Grosso do Sul were each confirmed as YF-XL (Brazil92a, -b, -d, and -e), but the sequence of the closely related Brazil93a isolate did not show evidence of the duplication.
DISCUSSION
Data presented here provide the first evidence of variation (216 nt) in the length of domain II of the YFV 3Ј NCR (YF- XL) and the first report of a naturally occurring wild-type YFV strain lacking all three copies of RYF (YF-XL-⌬RYF). The breakpoints of the duplicated regions of the YF-XL strains coincided precisely with predicted structural features. Specifically, the 5Ј junction occurred at the base of stem-loop E, and the 3Ј junction was immediately upstream of the cyclization motif at the beginning of zone III. There are several critical questions to be addressed regarding the finding of novel 3Ј NCR duplications. Most important is whether YF-XL isolates represent naturally occurring virus populations or whether these findings reflect artifactual changes during cell growth or viral amplification by RT-PCR. Three observations from the sequence data argue against the possibility that YF-XL sequences were generated during RT-PCR amplification. First, the YF-XL sequences were obtained using two different primer pairs (emf-vd8 and sNS5i-aNS5i) (Fig. 3) . The sNS5i-aNS5i primer pair generated intact full-length 3Ј NCR fragments containing the duplicated regions, whereas the emf-vd8 primer pair generated two fragments, corresponding to fragments both with and without the FIG. 6 . Neighbor-joining phylogenetic tree based on partial NS5-3Ј NCR sequences (576 nt) of 117 South American isolates. To obtain sequences of identical lengths, the alignment was trimmed at the 3Ј side of pk1Ј; thus, the alignment did not incorporate the duplicate copy of domain II structures for the YF-XL isolates. Sequences with 100% identity are represented by single branches. Isolates with no color highlighting have undetermined 3Ј NCR status, because sequence for the genome terminus was not obtained.
repeat. Second, an in vitro enzymatic process cannot easily explain the accumulation of conserved point mutations in the duplicated region. Third, the presence of precise breakpoints among YF-XL isolates suggests an in vivo replication process in which selection has operated to preserve the integrity of specific secondary structures. The presence of precise breakpoints provides indirect evidence in support of the presently proposed model for YFV RNA folding patterns (30, 33) .
More difficult to discern is whether the YF-XL duplication may have occurred as a cell culture adaptation during laboratory passage. The YF-XL isolates identified in this study originated from at least four different regional reference laboratories (Instituto Evandro Chagas in Brazil, Gorgas Memorial Laboratory in Panama, Trinidad Regional Virus Laboratory, and the Instituto Nacional de Salud in Venezuela). Isolation procedures for the majority of YFV isolates were uniform (1 passage in suckling mouse brain, followed by growth in C6/36 cells), and most were low passage (Ͻ5 passages). Viruses with the XL duplication were found exclusively among isolates from one subclade of South American genotype I, suggesting that the duplication was a unique characteristic of one lineage rather than the result of shared passage histories. It is worth noting that spontaneous deletion of two RYF elements has been reported during passage of a YF vaccine virus (French neurotropic vaccine) (28) , and deletions in the 3Ј NCR have also been reported following repeated passage of tick-borne flaviviruses (12) . Although passage-induced sequence deletions may be a relatively frequent occurrence, the generation of novel duplications is likely to be a rarer event (31) . To date, passage-induced duplications have not been reported for any viruses in the genus Flavivirus. Definitive proof of the existence of YF-XL in nature will require direct amplification from fieldcollected material (sera or tissue of infected humans, wildcaught vertebrates, or mosquitoes).
The two copies of domain II RNA structures in YF-XL strains contained an average of 7.6 (3.5%) nucleotide differences. Importantly, a number of substitutions within the duplicated region appeared to be partially conserved (Fig. 4) . A pair of covariant substitutions observed in six YF-XL isolates was predicted to increase the complementary interactions of pseudoknot binding (pk2-pk2Ј) and may serve to differentiate the two pseudoknot binding sites of the duplicated region (Fig.  4) . The upstream copy showed higher identity to the homologous region of prototype South American isolates, suggesting that this copy may represent the progenitor sequence. It is particularly interesting that the YF-XL conformation contained two dumbbell structures, since all mosquito-borne flaviviruses studied to date-with the exception of YFV-also contain two dumbbells in domain II of the 3Ј NCR (20, 30) . Thus, identification of YF-XL isolates suggests the possibility of convergent evolution toward a conformation commonly held by most other mosquito-borne flaviviruses. In viruses of the Japanese encephalitis and dengue serogroups, the two dumbbells are adjacent to one another but separated by flanking A-rich single-stranded regions. In contrast, the spacing between the two dumbbells of YF-XL isolates is significantly greater, due to the intervening duplicated C, D, and E hairpins.
Interestingly, there are two published reports in the clinical and diagnostic literature of aberrant large-size amplicons obtained during analysis of the 3Ј NCR of South American YFV (7, 9) . These reports involved fatal cases of YF in an unvaccinated tourist who became infected while visiting Manaus, Brazil, in 1997 (9) and within a YF outbreak in Minas Gerais, Brazil, in 2001 (7). Both reports used RT-PCR emf-vd8 amplification to identify South American genotype I isolates, and both reported unexpected double bands from sample viruses but not from controls (wild-type and attenuated West African isolates). The large bands were dismissed as PCR artifacts; however, no apparent attempts were made to sequence the fragments. These findings indirectly support the hypothesis that the extra bands (YF-XL) are characteristic of South American genotype I YFV. To date, complete 3Ј NCR sequences have been obtained for a total of 46 South American YFV isolates, and 19 (41%) have shown evidence of the YF-XL duplication, as confirmed by multiple sequencing reactions. As mentioned previously, the YF-XL isolates have been identified exclusively from the dominant lineage of contemporary South American genotype I isolates (Fig. 6 ). Sequence determinations for the remaining South American genotype I isolates will likely reveal more examples of the YF-XL 3Ј NCR conformation.
Growth characteristics of YF-XL isolates. Because RNA secondary structures of the 3Ј NCR are involved in virus replication and are believed to serve as replication enhancer elements (22, 30, 33, 47) , it was hypothesized that YF-XL isolates would exhibit a phenotype measurably different from those of YF-std isolates in one or more model systems (i.e., cell culture, suckling mice, or mosquitoes). Evaluation of South American YFV isolates in the mouse model showed no significant difference among the neuroinvasive properties of YF-XL, YF-XL-⌬RYF, and YF-std isolates (Table 2) or differences in lethality between South American genotype I YFV (n ϭ 15) and South American genotype II (n ϭ 7). The YF-XL-⌬RYF isolate showed cell culture growth characteristics similar to those of YF-std isolates in both C6/36 cells and monkey kidney Vero cells. In contrast, three representative YF-XL isolates grew more slowly than YF-std isolates in Aedes albopictus mosquito larval C6/36 cells, but not in monkey kidney Vero cells. The observation that YF-XL isolates exhibited delayed replication in C6/36 cells suggests the possibility that the duplicated domain II RNA secondary structures either directly or indirectly influence replication efficiency within cell lines of arthropod origin. Nevertheless, the YF-XL isolate Brazil92e and YF-XL-⌬RYF Brazil91c successfully established midgut and disseminated infections in A. aegypti mosquitoes following oral feeding on infectious blood meals (Table 3) . MIRs for YF-XL and YF-XL-⌬RYF were 89 and 81%, respectively, and DIRs were 28 and 35%, respectively ( Table 3 ). The infectivity of these strains was particularly remarkable given the relatively low titer of the infectious blood meal, which was 1 log unit lower than for 17D-204. Previously published studies using Rexville D A. aegypti mosquitoes have estimated MIRs for South American YFV in the range of 42 to 100% and DIRs from 46 to 79% (14, (24) (25) (26) . Thus, the infectivity rates of YF-XL and YF-XL-⌬RYF fell within the expected variability for isolates with standard 3Ј NCR conformations.
The biological function of the domain I RYFs has been the source of much speculation. Because the RYF copy numbers of the major lineages of YFV (49) that are vectored by different mosquito genera differ, vector coadaptation has been pos- VOL. 79, 2005 3Ј NCR VARIANTS OF YELLOW FEVER VIRUS 3819 tulated. Recent mutagenesis experiments using the 17D infectious clone demonstrated that all three copies of the RYF motif could be deleted without eliminating virus replication in vertebrate cell culture (3). The present study extends those observations considerably, providing mouse neuroinvasiveness and mosquito infectivity data indicating that RYF motifs are not required for in vivo replication in either vertebrate or arthropod hosts and that phenotypic differences from YF-std isolates, if any exist, are subtle (they were not detected in our experiments). The failure to identify pronounced phenotypic differences among YF-XL, YF-XL-⌬RYF, and YF-std in these model systems does not negate the possibility that there are as-yetundiscovered phenotypic differences in the pathogeneses, virulences, or transmissibilities of these isolates. It seems reasonable to hypothesize that the variant 3Ј NCR conformations of YF-XL-⌬RYF and YF-XL viruses must confer a fitness advantage during in vivo replication under some circumstances, as otherwise they would not be retained within the lineage of wild-type circulating viruses. Although it is tempting to speculate that differing 3Ј NCR conformations reflect adaptation to novel arthropod vectors or to altered transmission cycles, there is no evidence at this point to support such claims. Future studies using reverse-genetics techniques and alternative measures of replication efficiency and/or infectivity may provide more refined assessments of the phenotypic effects conferred by YF-XL and YF-XL-⌬RYF 3Ј NCR conformations.
The identification of YF-XL strains may have important evolutionary implications for the virus, insofar as it provides evidence that intra-or intermolecular reactions akin to recombination have occurred at least once in the recent history of YFV. Recombinational insertions similar to the YF-XL duplication have been described for a large number of positivesense RNA viruses; several studies have identified recombination hot spots in the 3Ј NCR that correspond to direct imperfect sequence repeats, stem-loop structures, and cryptic promoter-like elements recognized by the RNA-dependent RNA polymerase (15, 40, 51) . It is worth noting that until 1999, there was no evidence for recombination among flaviviruses. Since the first report of mosaic genomes among selected strains of dengue type 2 virus in 1999, examples of homologous recombination have been proposed for all four dengue viruses (42, 43, 46, 53) , Japanese encephalitis virus, and St. Louis encephalitis virus (45) , as well as for other viruses in the family Flaviviridae, including pestiviruses (bovine viral diarrhea virus) (2), hepaciviruses (hepatitis C virus) (16) , and GB virus C/hepatitis C (52) . Identification of recombinant (mosaic) forms of flaviviruses has been controversial, however, due to issues of strain identification and potential contamination. Furthermore, the evolutionary importance of recombination continues to be debated, as these events are believed to be extremely rare in nature and most frequently have a deleterious effect on virus fitness (27, 38) . Key areas for future research include determining the mechanism by which 3Ј NCR duplications are generated and maintained within virus populations, continued investigations of the phenotypic importance of 3Ј NCR variations, and elucidation of the precise regulatory role of RNA secondary structures.
